Magnesium hydride is a promising hydrogen source because of its high mass density of hydrogen, 15.2%, when it is hydrolyzed; MgH 2 + 2H 2 O = Mg(OH) 2 + 2H 2 + 277 kJ. However, a magnesium hydroxide, Mg(OH) 2 , layer forms rapidly on the surface of the unreacted MgH 2 as the pH increases, hindering further reaction. The purpose of this study is to find acids that could effectively accelerate the reaction by using a chemical equilibrium analysis where the relationships of pH to concentration of ionized Mg were calculated. For the best performing acid, the calculated and measured relationships were compared, and the effects of acid concentration on hydrogen release were measured. The analysis revealed that citric acid and ethylenediamine-tetraacetic acid were good buffering agents. The calculated and measured relationships between pH and concentration of ionized Mg were in good accord. Hydrogen release improved considerably in a relatively dilute citric acid solution instead of pure distilled water. The maximum amount of hydrogen generated was 1.7  10 3 cm 3 ·g -1 at STP after 30 min. We estimated the exact concentration of citric acid solution for complete MgH 2 hydrolysis by a chemical equilibrium analysis method.
capacity

Introduction
Metal hydrides are a hot topic of discussion among the modern scientific community worldwide because they are used for storage and transport of hydrogen as well as for use in heat pumps as a cold energy supply [1] [2] [3] [4] and hydrogen generator [5, 6] . Hydrogen is considered clean energy with a large combustion value that can be used in internal combustion engines or fuel cells. The need for compact, safe, and inexpensive hydrogen sources is a key issue for the development of fuel cells. One of the most attractive metal hydrides for hydrogen generation is magnesium hydride, (MgH 2 ) [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . It is an especially promising material owing to its quite high hydrogen capacity of 7.6 mass% and relatively low production cost. Saita et al. , demonstrated that MgH 2 can be produced by hydriding chemical vapor deposition (HCVD) in which the MgH 2 absorbs and desorbs as much as 7.6 mass% hydrogen without any activation treatments [18] [19] [20] , and clarified that the total exergy loss of metal hydride production process without activation treatment is smaller than conventional process [21] .
Hydrogen is generated by MgH 2 hydrolysis according to the following reaction: In fuel cell applications, if the water produced by the fuel cell is redirected to MgH 2 hydrolysis, the density of hydrogen increases to 15.2 mass%. Moreover, this reaction has the advantage that the residual magnesium hydroxide is environmentally friendly.
However, the hydrolysis of MgH 2 is rapidly hindered by the formation of a passive Mg(OH) 2 layer on top of the reactive material as the pH increases. This is the major problem with generating hydrogen by MgH 2 hydrolysis. Acids, with or without the use of catalysts, can suppress the formation of Mg(OH) 2 by decreasing the pH [7, 8, 15] .
For example, the kinetics of MgH 2 and Mg hydrolysis were determined by using weak acids or sodium chloride solutions with platinum catalysts [8] . Several studies have used metallic powders with high chemical activity via a ball-milling method [7, [9] [10] [11] [12] [13] [14] [15] [16] .
However, acids in general are detrimental to equipment and are potential hazards for users, and the price of using catalysts may make their widespread use impractical. In addition, the preparation of ball-milled powders typically requires a large energy input.
The purpose of this study was to use chemical equilibrium analysis to find an effective acid to accelerate the hydrolysis reaction. The main calculation was the effect of the weak-acid on the concentration of ionized Mg after hydrolysis of MgH 2 at room temperature. Thus, we found an effective weak acid for MgH 2 hydrolysis at room temperature without catalysts or ball-milling. Additionally, two experiments were implemented based on the analysis. In the first experiment, the relationship between the pH and the concentration of ionized Mg was investigated. In the second experiment, the effects of weak-acid concentration on hydrogen generation were investigated.
Equilibrium Analysis
Equation (1) layer can be cracked, or fine MgH 2 particles with greater surface area can be used.
Heating the solution would be expected to increase the rate constant of the MgH 2
hydrolysis. In addition, acetic acid as a buffer, citric acid as a chelator, or zeolite as an ion-exchanger are considered promising additives to accelerate MgH 2 hydrolysis by preventing Mg(OH) 2 formation. In this analysis, several acids in a range of concentrations were evaluated to buffer the solution during the hydrolysis.
The buffer capacities of the acids were evaluated according to the example below for citric acid. Ion balance equations for before and after the hydrolysis are shown as equations (6) and (7-1) Here, Cit refers to C 6 H 5 O 7 . Equations for the dissociation of citric acid are given below.
Finally, the material balance of citric acid is represented by the following equation.
The buffer capacities of many different acids were calculated according to the two equations of ion and material balance (6 and 7-1). Figure 3 shows the effect of acid on the pH buffer capacity at 1 mol·dm -3 on the rate of MgH 2 hydrolysis. The magnesium concentration at the intersection of the buffer capacity and solubility curves indicated the dissolution ratio of According to these equations, the concentrations of magnesium ions and magnesium citrate ions were calculated by determining the pH after hydrolysis and applying them to the above equations. Figure 4 shows 
Experimental
In the first experiment, the pH and concentration of ionized Mg after the hydrolysis reaction was investigated. MgH 2 was formed into particles by gas-solid reaction (GSR), 99.9 % pure by mass (Biocoke Lab. Co., Pty.), with an average particle Co., Ltd.) respectively.
In the second experiment, hydrogen release was investigated. After 30 min in distilled water, the reaction progress was limited to only 13% because the passive Mg(OH) 2 layer formed on the surface of the unreacted MgH 2 , as expected.
In contrast, with citric acid, the hydrogen release improved considerably. Both the rate and degree of hydrogen evolution increased with higher concentrations of citric acid.
With the low concentration (0.01 mol·dm -3 ), the reaction proceeded to 40% after 30 min.
The reaction in 0.1 mol·dm -3 citric acid went to 99% of completion after 30 min, 7.7 times as far as in distilled water. During the experiment, the solution temperature remains constant at 298 K regardless of the citric acid concentration.
Comparing the hydrogen release ( Fig. 7) with the calculated pH and concentration of ionized Mg (Fig. 4) showed that the hydrogen release reflected the results of the calculated pH and concentration of ionized Mg. The second vertical axis citric acid solutions achieved nearly 100% reaction degree, whereas in the 0, 0.01, and 0.02 mol·dm -3 citric acid solutions, the reactions stalled out before completion.
These results showed that calculations corresponded closely with the measured results. By this chemical equilibrium analysis method, we can estimate that the exact concentration of citric acid solution necessary for MgH 2 hydrolysis. This method will make MgH 2 much more attractive as a hydrogen source.
Conclusions
A chemical equilibrium analysis was carried out on the formation of Mg(OH) 2 during MgH 2 hydrolysis with various weak acids, and the effects of the selected acid at various concentrations on hydrogen generation were evaluated experimentally. The three main results are shown below:
1) Citric acid and ethylenediamine-tetraacetic acid have good capacity as pH buffering agents for accelerating the hydrolysis reaction of MgH 2 at room temperature than tartaric, phosphoric, formic, phthalic, acetic, oxalic, and benzoic acids.
2) The hydrogen release was considerably improved by using a low concentration of citric acid solution instead of only distilled water.
3) The calculated relationships between pH and the concentration of ionized Mg by the chemical equilibrium analysis corresponded well with the measured results.
The exact concentration of citric acid necessary for complete MgH 2 hydrolysis can be easily estimated. 
